The configuration of external ears varies dramatically among mammalian species. In order to relate these structural differences to acoustic performance, it is useful to determine the "output" (radiation) impedance of the external ear. Measurements were made of the radiation impedance Zg of the cat external ear looking out from the location of the tympanic membrane. Freshly excised external ears were coupled to a calibrated sound source at the tympanic ring, and the resulting sound pressure at the source was measured. The Z• calculated from these measurements is masslike at frequencies below 2 kHz and approximately resistive above 4 kHz.
INTRODUCTION
It is generally accepted that the external ears are the primary pathway through which sound signals are coupled from the environment into the middle ear of mammals (e.g., Shaw, 1974; Blauert, 1983 performed on the first ear. If necessary, the second ear was kept in refrigerated saline for a short time (30-60 rain ) while the measurements on the first ear were completed.
B. Measurement of acoustic impedance
The acoustic-impedance measurement method has been described previously (Lynch, 1981; . The sound pressures produced by a high-impedance sound source in two "known" acoustic loads (a 5-mm 3 cylindrical cavity and an acoustic transmission line 3) were used to determine the Norton-equivalent volume velocity U s and impedance Z s of the sound source (Fig. 3) . With the equivalent source parameters determined, measurements of sound pressure PL in unknown acoustic loads were used to determine the acoustic impedance of the loads: Z L •---(Us/P L --l/Zs) -i.
(
The accuracy of the measurement technique was tested by measuring the impedance of several other "known" acoustic loads (Lynch, 1981; . Two of these tests are illustrated in Fig. 4 , which compares the measured impedance of two loads (a circular opening in an "infinite baffle" and a rigid cylindrical cavity) with theoretical expressions for their lead impedances. There is good agreement between the measured and theoretical impedances; the difference in magnitude between measurement and theory is less than 10% for the baffle and generally less than 20% for the cavity measurement (at frequencies near the cavity-impedance minimum, the difference between measurement and theory is larger). The difference between the measured and theoretical angle is less than 0.01 periods for frequencies between 0.2 and 7 kHz. The range of the magnitude of the ear-canal radiation impedance (ZE in Fig. 4) 
C. Frequency limits of Z; measurements
Sound-pressure measurements were performed under computer control. Tone frequency was stepped from 0.01 to 50 kHz at a density of 40 points per decade. Measurements were made with a fixed voltage into the earphone (the voltage was chosen so that the largest pressures produced were about 70 dB SPL, Fig. 5 ). With constant earphone voltage, the source volume velocity is smallest at low frequencies [ Fig. 3 (b) ], where the impedance magnitude of the external ear is also small. Consequently, the sound pressure produced at frequencies below 0.2 kHz were too small to measure ac-70 t 6 EARS . ½urately (i.e., pressure magnitudes were within 10 dB of the noise floor, Fig. 5 ). Therefore, we present results only for frequencies above 0.2 kHz. The high-frequency measurement limit results from nonuniformities in the sound presure in the ear tube. In calculating the radiation impedance of the external ear from a pressure measured at a point near the tympanic ring, we assume that the measurement is representative of the pressure averaged over the entire canal cross section. As has been discussed by Stinson (1985) , this assumption is valid only below some high-frequency limit. An empirical determination of this limit was made with the aid of a "movable" probe tube. With an excised canal attached to the measurement system, a separate high-impedance probe-tube microphone--mounted on a micromanipulator--was inserted into the canal through a small hole in the tubular adapter (Fig. 2) . The micromanipulator was used to move the probe transversely through the center of the canal from one wall to the other. The axis of probe motion paralleled the plane of the tympanic ring and came near the opening of the "stationary" probe tube of the acoustic system. Sound-pressure mea- above which differences in magnitude of more than 3 dB occur.
kHz, the variation in pressure magnitude across the ear canal is less than 3 dB, and the variation in pressure angle is less than 0.02 periods. Because of the larger deviations in the pressure at higher frequencies, we report impedance measurements only for frequencies below 10 kHz.
D. Castings of the canal and concha
The structure of the cat's external car is complicated, with ( 1 ) a sharp bend in the cartilaginous ear tube 4 at the canal-concha border, (2) abrupt changes in cross-sectional area, and (3) knobs and valleys on the inner and outer surface of the concha where the muscles that control pinna movement insert. To describe the configuration of the ear tube, each of the surgically separated canals and conchas was filled with a silastic casting material immediately after the impedance measurements were made. After the silastic had cured, the castings were removed. Most of the anatomical measurements we report were made from these castings.
II. RESULTS

A. External-ear dimensions
We divided the cat's external ear into three parts This is also the location of a natural "joint" in the tube; peripheral to this joint, the cross-sectional area of the tube increases rapidly. The three cats were selected for their different body weights ( 1.9, 2.9, and 3.7 kg), and we looked for correlations between weight and the anatomical measurements. Only A• was significantly correlated (correlation coefficient of 0.9) with weight. Features of these measurements are presented in Table   1I .
At the junction between the canal and concha [A.• in
B. Radiation impedance of the external ear ZE
The magnitudes and angles of the radiation impedances of six external ears are illustrated in Fig. 8 , and features of these measurements are tabulated in Table II Correlation coefficients were computed between the features in Table II •The frequency of the minimum magnitude of the impedance that follows the maximum f• was defined by the intersection points of lines defined by the four data points around the minimum. One line was defined by the two points on the low-frequency side. The second line was defined by the two points on the high-frequency side.
C. Effects of the configuration of the external ear
The freshly excised external ear is rigid enough to maintain its normal shape during the measurements. The configuration of the cartilaginous ear tube is most easily altered by rotating the pinna flange and coneha about the canal-concha "joint" (A; in Fig. 7 ). This rotation approximates the most prominent motion of the concha and pinna flange when cats move their pinnae.
In order to assess the sensitivity of ZE to variations in the configuration of the external ear, we introduced systematic variations in the flexure of the canal-conchajoint. In our experimental arrangement, the ear was supported both by the acoustic assembly coupled to the tympanic ring and by strings that attached the pinna to a rigid frame ( Fig. 2) . The pinna flange and concha were moved relative to the canal by rotating the supporting frame relative to the acoustic assembly [ Fig. 9(a)-(c) ].
Measurements made before and after changes in the configuration of the external ear [ Fig. 9(d) of the external car visibly constricts the canal-concha joint ["5" in Fig. 7(b) ] to a size where its impedance presumably becomes large enough to increase the total impedance of the Hudde, 1983; Stinson, 1985) . One way to test the validity of this assumption is to determine whether the dependences of Z E on frequency and structural modifications (Fig. 10) ( 1 ) The effective length of the canal is affected by the variations in the cross-sectional shape and area of the canal tube; (2) the silastic impressions we used in our measurements may not maintain the precise shape of the ear; and (3) as previously described, the anatomical measurements involve subjective judgments that lead to variations between repeated measurements of as much as 10%. These inaccuracies, coupled with the relatively small interear variations observed in the impedance measurements, make it difficult to correlate ear structure and impedance. Because of this problem, we have not tried to represent interear variations in our model. Rather, as this is a first step toward the determination of the structural basis of the impedance measurements, we developed a model that is consistent with the average dimensions of the six external ears and has the main features observed in all of the impedance measurements.
The model configuration consists of a uniform circular tube abutting an exponential horn [ Fig. 11 (a) ]. This model has four parameters (the lengths of the uniform and exponential sections, area of the uniform tube, and the horn constant) that were chosen to be roughly consistent with the anatomical measurements of Table I Table II) . These large discrepancies indicate that the damping in the model is too small and suggest that, in the real canal, energy is lost through mechanisms that are not included in the model.
In Fig. 11 (c) , the Ze of a canal and concha is compared with the radiation impedance of the tube plus a "short" exponential horn.
• The length of the horn (25 mm) is about equal to the mean maximum length of the concha (Table I) between maximum and minimum suggests a lack of damping in the human models and may reflect a difference between the ZE of real external ears and the models rather than an interspecies difference. The model we used to approximate the cat ear also produces exaggerated extrema (Fig. 11) . Furthermore, our measurements (Fig. 10) 
E. Radiation impedance and external-ear performance
When Zz is measured with a sound source at the location of the tympanic membrane, the resulting sound field is radiat•}d in all directions. Through the reciprocity principle, ZE caa be related to the receiving properties of the ear (Siebert, 1970 (Siebert, , 1973 Shaw, 1976 Shaw, , 1988 ).
Mean-squam pressure r•tio •r
The performance of the external ear has often been described (e.g., Shaw, 1974) 
where a is the hypothetical radius of the sphere over which the spatial average is computed (N.B.: the average is independent of a); •t is the sound wavelength; p is the density of air; e is the speed of sound; and r/R is the radiation efficiency of the external ear (presumably = 1 ). This relation is derived in Shaw ( 1976 Shaw ( , 1988 for the case of diffuse-field s stimulation, and the basic result is also described by Siebert ( 1970, 1973 ).
Siebert ( The measurements ofZ E and Z r for cat (Fig. 12) can be used to compute ApE, with the assumption that •/R = 1 (Fig. 15 ) . Since ZE and Z r differ greatly at low frequencies, but come close to matching above 2 kHz (Fig. 12) mate equality of the peak ,4 oP and the area of the pinnaflange opening suggests a simple association of external-ear anatomy and physiology, but this association is not consistent with all of our data. [:or example, the Ao•'s computed from the Zffs measured after removal of the pinna flange and conchs (Fig. 10, Table II ) are three to four times larger than the appropriate anatomical areas (Table I) 
F. Approaches to comparative measurements of external-ear performance
The results that we have discussed here suggest approaches to the measurement of acoustic behavior of the external ear that may make the collection and comparison of measurements across a wide range of species more practical. First, in comparisons ofexternal-ear function across species, performance as a power collector can be separated from spatial selectivity (Siebert, 1970 (Siebert, , 1973 Khanna and Tonndorf, 1978) by the use of the diffuse-field absorption cross section Anv (or the power utilization ratio), which can be determined (assuming •/e = 1) from measurements of two acoustic impedances, Z• and Zr (see footnote 9). These measurements are independent of the source direction and do not require (apparently) an anechoic room. Knowledge of,4vv allows comparison of ears to each other and to an ideal receiver. A possible complication in this approach is that the radiation efficiency •/n must be known. This problem would be alleviated if it can be demonstrated that r/n is generally close to one.
Other measures such as a "directivity factor" (e.g., Beranek, 1949, pp. 647-561 ) or "optimal area" (Phillips et al., 1982; Middlebrooks and Knudsen, 1987) might be used to assess spatial selectivity. These measures do not depend on the middle ear (Hudde and Schroeter, 1980) , and measurements could be obtained with the tympanic membrane blocked. Such a constraint could be experimentally helpful in theft directivity measurements need not be carried out on live animals. Indeed, an accurate physical model of the external ear and head would provide satisfactory results. The use ofsuc:h models would make measurements over many angles of incidence much easier, since the state of the "animal" would not vary. Also, the measurements could be made in well-controlled acoustic conditibns and structural modifications could be made and reversed easily.
We suggest that these approaches can expedite the collection and comparison of interspecies external-ear performance measurements. When such results are available, we can begin to relate the acoustic function of the external ear to the behavior of animals (Griffin, 1958; Batteau, 1967; Shaw, 1974 Shaw, , 1982 
